Introduction
Plants take in water at their roots and send it finally to the leaves. The evaporation of water at the leaves is one of the driving forces to pull water upwards inside a plant. This also cools the leaves down at the time they are sunlit. Without evaporation, plants would not be able to adjust their temperature nor to transport water. The rate of this evaporation, usually called the transpiration rate (TR), is therefore an index of the plants' health condition. For example, the leaf expansion rate, 1 sucrose amount in a guard cell, 2 pathogenesis, 3 root stress, 4 and climate change 5 are reported to have effects on transpiration. Measurements of the TR would therefore be an easy nondestructive method to evaluate the water balance at sites where plants are involved. 6 A measurement of the TR is often performed by a measurement of sap flow. [7] [8] [9] Many types of instruments with various names 10 have been invented to measure this parameter, but they are in common based on heat measurement. 11 Battery-driven instruments, equipped with heaters and thermometers, are used to measure sap flow rate in the field.
In this paper, we propose a novel method to measure the TR using two miniature temperature/humidity loggers, one of which is attached onto the leaf surface via a spacer. The advantages of our method are the requirement of a quite shorter time to attach to the plant leaves, a smaller space, lower-cost materials, and a quite lower invasion to the leaves. Additionally, it is also free from temperature changes, in principle.
Experimental

Apparatus
Halophyte Bruguiera gymnorrhiza was grown for one year from a seedling in a pot at a fixed temperature (27 C) and relative humidity (70%) under a 12-h light/12-h dark condition.
Miniature temperature/humidity loggers (Hygrochron, Maxim Integrated Products, Inc., Sunnyvale, CA) were attached onto the back surface of the leaves of Bruguiera gymnorrhiza, as follows ( Fig. 1) . A plastic sheet strip (length ca. 100 mm, width ca. 10 mm) was attached to the back of a logger using adhesive tape. A 1-mm thick spacer with an outlet was attached onto the other side of the logger using a film (Parafilm ® Pechiney Plastic Packaging, Chicago, IL). After this attachment, an excess part of the film was removed to ascertain the outlet area. Then, the logger with a strip was attached to the leaf using two clothes-pins.
Bruguiera gymnorrhiza with loggers was placed in a temperature/humidity controlled room (temperature, 27 C; relative humidity, 70%), under a 12-h light/12-h dark condition. For measuring the atmospheric temperature/humidity, a logger without facing the leaf (facing atmosphere) was placed at a similar height as the other loggers.
The effect of saline on the transpiration was examined by a continuous measurement of the TR using our method. Nine liters of saline were poured into a pot to completely replace the water around the root into saline.
Calculations
A calculation of the TR from logger data was performed using the reaction-diffusion equation, as follows.
The mass balance equation can be written as
Equation (1) can be written as A novel method for the evaluating the transpiration rate (TR) has been proposed. Miniature temperature/humidity loggers were attached onto the leaf surface of a mangrove plant, Bruguiera gymnorrhiza, via a spacer. TR values were calculated using the mass-balance equation; the results showed good agreement with those measured using a conventional porometer when the plant root was surrounded by water. In a saline environment, on the other hand, the correlation became poor. The method was shown to require not only minimal invasion, but also a very short time for attaching leaves. 
Notes
From Eq. (2) we have
In our study, we regarded the TR as J1(t), and tried to obtain this value using J2(t) and C(t) from Eq. (3).
Movement of the vapor from the chamber to the outside atmosphere is thought to be driven mainly by diffusion caused by the concentration difference between the two parts. We then can use the Fick's law of diffusion,
where D is the diffusion constant, and the value is reported. 12 The value ∂ ∂ C x can be replaced by the value ∆ ∆ C x , which is the ratio of the vapor concentration difference to the exit length, Δx.
The vapor concentrations inside and outside the chamber were calculated as the product of the relative humidity and the saturated humidity. 13 
Results and Discussion
The effect of the spacer thickness on the correlation constant was examined. In our test measurements, water droplets were often observed on the logger surface due to the small chamber size. The small chamber resulted in a higher relative humidity inside the chamber, and was not favorable for the calculation. The spacer thickness was adjusted and a value of 1 mm was chosen.
The relative temperature/humidity values measured were transferred from the loggers to the PC, and time course curves were prepared using spreadsheet software. We chose a sampling frequency of 1 s, and a temperature/humidity measurement resolution of 0.1%/0.1 degrees. These settings resulted in time-course curves with noises.
14 The calculation of ∂C(t)/∂t, therefore, required smoothing of the curves. The relativehumidity values ranged from 75% in a dark to 88% in a light environment. Data that covered this range were chosen to see the correlation with data obtained by the conventional method. Thus, the relationship between the results from our calculation and the value measured using a commercially available stomatal conductance meter (Model SC-1, Decagon Devices Inc., Pullman, WA) is shown in Fig. 2(a) . The conventional meter is equipped with two sensors. One of them is closely located at the leaf surface, and the other at the exit of the vapor pathway. A calculation of the TR is performed using relative temperature/humidity values measured by the two. , which is by far different from the value we chose. The difference between the two values might be due to our model being too simple to consider the diffusion of water vapor from inside to outside the spacer.
The difference between the calculated results and the measured ones of transpiration might be due to suppression of the TR caused by excess humidity at the leaf surface. To examine the humidity effect on transpiration we performed several additional experiments. Firstly, the TR was measured at several leaves before and after the attachment of adhesive tapes. The adhesion of the tapes to the leaf surface was weak enough not to destroy the leaf surface structure after removal. Five minutes of adhesion of the tapes to six leaves resulted in a decrease in TR. The TRs measured after tape removal resulted in less than half the value of those measured before. The transpiration-rate value returned to a similar value as before in 5 min after removal of the tapes. Secondly, each leaf was encapsuled in a chamber (610 mL volume), and the time course of the relative humidity inside the chamber was measured. As a result, the relative humidity inside the chamber soon reached the maximal value (98%), and no increase in the value was recognized as long as the temperature was constant. We also measured the relative humidity near the leaf surface in a temperature/humidity controlled environment. Miniature probes were placed at different distances from the leaf surface, and the humidity values were recorded. Consequently, the relative humidity decreased linearly from 90 to 70% (same as the surrounding atmosphere) at ca. 25 mm from the leaf surface. With all of these results, attachment of the probe onto the leaf surface was suspected to have suppressed the transpiration by preventing the regular diffusion of vapor from the leaf to the atmosphere. This suppression might have resulted in the difference between the reported diffusion constant values and the one we chose. The mechanical suppression of leaves by probe attachment and excess relative humidity at the surface to be measured might be two major reasons for the difference in the reported diffusion constant and the one we chose. In this sense, the sensor attachment method should be carefully considered when our system is to be applied to other plants. When the pot water was replaced by saline (500 mM NaCl solution), the relative-humidity change, measured by the logger, became too small, and no correlation was obtained with the porometer value (Fig. 2(b) ). Mechanical pressing of the leaf by the sensor might cause a greater decrease in transpiration compared to the case of pure water in the pot. When the water in the pot was exchanged with saline, the TR value was reported to return to the original value within one week.
14 A long-term measurement is therefore required to discuss the applicability of our method. The TR value of mangrove plants under a subtropical climate usually exceeds 200 mmol m -2 s -1 . Under such a condition the difference in TR could be easier to measure using our method. When the measurement was performed in the field, where the temperature and humidity were much higher, water droplets were often deposited onto the logger surface. In such a condition, adjustments of A1, A2 and V (smaller A1, larger A2 and V) that might prevent such deposition would be needed. A calculation of TR was performed under the assumption of no convection in the surrounding atmosphere.
In the experiments, however, convection caused by the vapor movement from inside the chamber could not be neglected, even in laboratory experiments. Moreover, in field experiments wind around the leaves exists. These points should make a difference in the calculated and measured results. Our system is therefore more effective for measurements in greenhouse plants, rather than for plants in the field.
Conclusions
Results obtained by our method were proved to be in good correlation with those obtained by a conventional stomatal conductance meter. The use of miniature loggers required a minimal time for attachment, as well as invasion, to the sample leaves. The method reported in this study is applicable to any kind of leaves, regardless of the species. This method might therefore be effective for multi point-quick estimations of plant conditions in fields. Fig. 2 (a) Relationship between TR measured using a porometer and that calculated from our method (plant that was potted in pure water). The calculation was performed using the diffusion constant D = 1.75 × 10 -3 m 2 s -1 . The correlation coefficient was calculated to be 0.78. (b) Relationship between TR measured using a porometer and that calculated by our method (plant that was potted in saline; 500 mM NaCl solution).
